Molecular dynamics simulations have been used to investigate the thermodynamic melting point of the crystalline nitromethane, the melting mechanism of superheated crystalline nitromethane, and the physical properties of crystalline and glassy nitromethane. The maximum superheating and glass transition temperatures of nitromethane are calculated to be 316 and 160 K, respectively, for heating and cooling rates of 8.9ϫ 10 9 K / s. Using the hysteresis method ͓Luo et al., J. Chem. Phys. 120, 11640 ͑2004͔͒ and by taking the glass transition temperature as the supercooling temperature, we calculate a value of 251.1 K for the thermodynamic melting point, which is in excellent agreement with the two-phase result ͓Agrawal et al., J. Chem. Phys. 119, 9617 ͑2003͔͒ of 255.5 K and measured value of 244.73 K. In the melting process, the nitromethane molecules begin to rotate about their lattice positions in the crystal, followed by translational freedom of the molecules. A nucleation mechanism for the melting is illustrated by the distribution of the local translational order parameter. The critical values of the Lindemann index for the C and N atoms immediately prior to melting ͑the Lindemann criterion͒ are found to be around 0.155 at 1 atm. The intramolecular motions and molecular structure of nitromethane undergo no abrupt changes upon melting, indicating that the intramolecular degrees of freedom have little effect on the melting. The thermal expansion coefficient and bulk modulus are predicted to be about two or three times larger in crystalline nitromethane than in glassy nitromethane. The vibrational density of states is almost identical in both phases.
I. INTRODUCTION
The melting of crystals has been of fundamental interest among theoreticians and experimentalists for a long time. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The free energy barrier in the solid-liquid transition gives rise to considerable superheating when surface effects are absent. This has been observed experimentally in ultrafast heating induced by intense radiation and shock waves. [8] [9] [10] Our interest is the melting of superheated molecular organic crystals, which is important to fully understand the chemical reactions of energetic materials. We take nitromethane ͑CH 3 NO 2 ͒ as a model energetic material in this first study.
Accurately determining the thermodynamic or equilibrium melting point using theoretical or numerical methods remains challenging, particularly for complex materials such as molecular crystals. The commonly used methods include solid-liquid coexistence ͑two-phase͒ simulations, thermodynamic integration, and void-nucleated melting. Each of these methods has advantages and limitations; Sorescu et al. 11 have recently briefly reviewed on these methods. The superheating effect in molecular dynamics ͑MD͒ simulations is eliminated by simulating a two-phase system with a solidliquid interface. 12, 13 This method has been applied to a wide range of materials such as Lennard-Jonesium, 4 MgSiO 3 , 15 NaCl and MgO, 16 LiF, 17 fcc and hcp metals, 18 silicon, 19 nitromethane, 20 and GaN. 21 However, this method requires more than 500 molecules and long simulation times to accurately determine the equilibrium melting point, thus it is difficult to apply to molecular crystals with large molecules. 22 The thermodynamic integration method [23] [24] [25] is based on the equality of the Gibbs free energy of the solid and liquid at the equilibrium melting point. Eike et al. 25 have used this method to calculate the thermodynamic melting point of the Lennard-Jones solid and NaCl. Though theoretically rigorous, this method is difficult to apply to complex molecular crystals. In the void-nucleated melting simulations 4, 26, 27 vacancies are introduced in the supercell to create nucleation sites and eliminate the free energy barrier. The computed melting point decreases with the increasing concentration of voids until a plateau region is reached where the melting point is independent of the number of voids. The temperature of this plateau region is taken, empirically, as the thermodynamic melting point of the material. The void-nucleated melting method has been successfully applied to many materials that include simple systems such as rare gas solids 4, 26, 27 as well as complex molecular and ionic crystals such as nitromethane, 20 30 1-n-butyl-4-amino-1,2,4-triazolium, 31 1,3,3-trinitroazetidine, 32 and dimethylnitramine. 33 The drawbacks to this method are that it can require a lot of computations because to accurately determine the thermodynamic melting point requires that the melting point is calculated for each number of voids and that in some cases the plateau region is narrow and ambiguous. Recently, Luo et al. 5 proposed using the maximum superheating and supercooling temperatures to calculate the thermodynamic melting point, i.e., the hysteresis method. Based on the homogeneous nucleation theory and rigorously deduced, the hysteresis method has been shown to accurately predict the thermodynamic melting points of Lennard-Jones solids and fcc metals modeled by the Sutton-Chen potentials. 5 Because of its accuracy and efficiency ͑only two runs, heating and cooling, are required͒ we are motivated to investigate its application to the molecular crystals.
The amorphous or glassy states of some energetic materials have been shown to be less sensitive to mechanical shock and pulsed-laser photolysis than their crystalline counterparts although both contain about the same amount of chemical energy. 34 However, the physical properties of the glassy energetic materials are almost unexplored. In this paper we report a study of several physical properties of glassy nitromethane and compare them with those of the crystalline phase.
In the following section we describe the force field for nitromethane and molecular dynamics simulation procedures used in this study. In Sec. III we present and discuss the results for determining the thermodynamic melting point of nitromethane using the hysteresis method, the melting mechanism of superheated nitromethane crystal, and physical properties of crystalline and glassy nitromethane ͑radial distribution functions, density, thermal expansion coefficient, isotherm, bulk modulus, and vibrational density of states͒. The conclusions are given in Sec. IV.
II. METHODS

A. Potential energy
The fully flexible force field for nitromethane developed by Sorescu et al. 35 is used in the MD simulations. The total potential energy is expressed as a summation of intramolecular potential ͑bonding energy U bond , bending energy U angle , and torsional energy U dih ͒ and intermolecular potential ͑van der Waals energy U VDW and electrostatic energy U ES ͒, 
B. Molecular dynamics simulations
The MD simulation cell consisted of 5 ϫ 4 ϫ 3 unit cells ͑240 nitromethane molecules, 1680 atoms͒. The initial size of the simulation cell was 25.916ϫ 24.9428ϫ 25.5543 Å 3 and the initial atom coordinates were generated according to the crystallographic data. 37 Three-dimensional periodic boundary conditions were applied. All simulations were performed using the DLគPOLY2.14 program. 38 The Nosé-Hoover isothermal-isobaric ͑NPT͒ ensemble [39] [40] [41] was used to achieve constant temperature and pressure. The relaxation times for the thermostat and barostat were both 1.0 ps. A cutoff distance of 10 Å was applied to the van der Waals interactions and the electrostatic interaction was calculated using the smooth particle mesh Ewald algorithm. 42 The time step for trajectory integration was 0.75 fs.
We used incremental heating/cooling in the melting and crystallization/glass transition simulations, that is, the starting configuration of each simulation was the last configuration of the previous simulation at a lower or higher temperature. In each simulation velocity scaling was used in the first 100 000 time steps ͑75 ps͒ to accelerate the equilibration process, followed by another 200 000 time steps ͑150 ps͒ to compute properties such as volume and energies. In the melting simulations 20 K increments were used until temperature reached 260 K, and then the increment was changed to 2 K as the transition was approached. Similarly, in the cooling simulations the increment of temperature was initially −20 K while the temperature was above 260 K and it was decreased to −2 K below 260 K. The purpose was to use the lowest cooling and heating rates possible in the region of the transition. The pressure was maintained at 1 atm in both the heating and cooling simulations.
To study the microscopic process of the melting of nitromethane at the maximum superheating temperature, we computed local translational and orientational order parameters. The local translational order parameter of molecule i is defined as H 0 −1 is the inverse of the cell edge matrix at 0 K. The total translational order parameter is the average of the local translational order parameters over all molecules in the simulation cell, i.e.,
where N m is the number of molecules in the simulation cell. Similarly, we define the orientation order parameter as
where r CN,i = r N,i − r C,i , and r N,i and r C,i are, respectively, the coordinates of the C and N atoms of molecule i. There exist several more rigorously defined order parameters, e.g., see
Refs. 14, 20, and 43, however, they are related to certain crystal symmetries and those we have used have advantages of simplicity and independence of crystal symmetry.
We also calculated the mean-squared displacement ͑msd͒ and Lindemann parameter ͑␦ L ͒,
and
where ͗¯͘ denotes ensemble average and r nn is the nearestneighbor distance, that is, the first peak position in the radial distribution function.
III. RESULTS AND DISCUSSIONS
A. The thermodynamic melting point determined by the hysteresis method
The hysteresis method, 5 which is based on homogeneous nucleation theory, gives the thermodynamic melting point ͑T mp ͒ as
where T + and T − are the maximum superheating and supercooling temperatures, respectively. This method has been successful in predicting the T mp of Lennard-Jonesium at various pressures and fcc metals modeled by the Sutton-Chen potentials, in which most of the values of T mp calculated by this method are within 2% from those obtained by the twophase method. 5 The simulation cell volume V and diffusion coefficient D ͑Ref. 23͒ of nitromethane as a function of temperature are shown in Fig. 1 . The maximum superheating temperature can be easily identified to be 316 K, the point where the volume and diffusion increase abruptly. Agrawal et al. 20 reported T + = 338.3 K. The difference is due to the different heating rates used. The heating rate in our simulation is 8.9 ϫ 10 9 K / s, much lower than 2.0ϫ 10 11 K / s, the rate used by Agrawal et al. For simple materials such as the LennardJones system and fcc metals the maximum supercooling temperature is equal to the recrystallization temperature, 5 which can be easily obtained by using MD simulations because of the simplicity of the systems. However, recrystallization of complex molecular materials by cooling the liquid is very hard to achieve in MD simulations. Several factors contribute to this difficulty. One is that the flexibility and size of the molecules result in many local potential energy minima in which the system can be trapped as the system is cooled. Another reason is the high cooling rates that must be used in conventional MD simulation. Although we have used a rate as low as is feasible, it is still much higher than the rates in static or quasistatic experiments. Therefore, instead of crystallization the system undergoes a glass transition from liquid to amorphous solid as the temperature is decreased. This transition is characterized by the diffusion coefficient reaching a magnitude typical of a solid ͑ϳ10 −11 m 2 /s͒, and a change of thermal expansion coefficient. 44 The latter is shown in the inset of Fig. 1͑a͒ , from which we determine the glass transition temperature ͑T g ͒ of nitromethane to be 160 K. By replacing T − in Eq. ͑9͒ with T g , we obtain T mp = 251.1 K, which is in excellent agreement with the twophase result of 255.5 K ͑Ref. 20͒ and the measured value of 244.73 K. 45 It has been observed that T − occurs just at or above T g in some materials, 46 while for other materials T − may occur below T g . 47 Although the relationship between T − and T g remains unclear 48 and the theoretical validity of using T g in the hysteresis method is to be investigated, one may still use this method, as an empirical way, to calculate T mp with certain accuracy when T − is difficult to achieve in MD simulations. From Eq. ͑9͒, one can write the error of T mp ͑⌬T mp ͒ as 
Typically, we can determine T + with relatively high accuracy, so ⌬T + Ϸ 0. Thus, Eq. ͑10͒ becomes
͑11͒
Typically, T + Ϸ 1.25T mp and T − Ϸ 0.7T mp , 4,5,9 then ⌬T mp Ϸ 0.3⌬T − , i.e., the error of T mp is about threefold less than that of T − . In the case of nitromethane, we also have ⌬T mp Ϸ 0.3⌬T − . A systematic study by James 46 indicates that T − is within about 12% of the glass transition temperature. Thus, an estimate of ⌬T − of 20 K for nitromethane implies ⌬T mp of 6 K, which is still in good agreement with the two-phase and experimental results. On the other hand, since the calculated T mp from T + and T g is so close to the two-phase simulation value, this probably implies that the T − of nitromethane is very close to the T g .
B. Melting of superheated nitromethane
We now present the results for the melting of superheated nitromethane. Figure 2 shows the energies ͑van der Waals, electrostatic, bonding, bending, and torsional͒ and enthalpy per molecule as functions of temperature. Sharp increases of the van der Waals energy, electrostatic energy, and enthalpy are observed when the crystal melts at 318 K, while the intramolecular energies undergo no abrupt changes although they continue to increase. When the temperature exceeds the maximum superheating temperature, the system undergoes a solid-to-liquid phase transition. Figure 3 shows this melting process illustrated by the temporal variations of the volume, order parameters, and mean-squared displacements of C and N atoms at 318 K, which is just above the T + , 316 K. The volume of the system increases sharply, with an increase of about 17% by the end of the simulation. The translational and orientational order parameters oscillate around values close to 1 before melting and then start to drop quickly as the volume begins to increase. This shows that the system is going through a transition from a crystalline ͑ordered͒ to a liquid ͑disordered͒ state. It is interesting to notice that the time when the orientational order parameter starts to decrease sharply and the time when it reaches another equilibrium after the drop precede those of the translational order parameter. This suggests that at the beginning of melting, the molecules start to rotate beyond their equilibrium positions in the crystal, illustrated by the orientational order parameter quickly dropping, while their centers of mass remain fixed. The evolution of the meansquared displacements of the C and N atoms is similar to that of the volume and order parameters. It is interesting to notice that the time at which the msd of N atoms begins to increase sharply is close to that of the orientational order parameter, while the time at which there is a change in the msd of the C atoms corresponds to that for the translational order parameter. The critical value of the Lindemann index, i.e., the value before melting ͑at 316 K in the present case͒, is about 0.156 for the C atoms and 0.155 for the N atoms, which are very close to those obtained for fcc and bcc metals ͑ϳ0.15͒.
5,49
A more microscopic picture of the melting process is shown by the snapshots in Fig. 4 of the distribution of the local translational order parameter in the simulation cell at three different stages, the beginning, middle, and end of the melting at 318 K. In the beginning of the melting ͓see Fig.  4͑a͔͒ the simulation cell is still solid, which is manifested by the local translational order parameters, which are all close to 1.0. According to Fig. 3͑b͒ the average value of the translational order parameter in liquid nitromethane is about 0.5, therefore we use this value as the threshold to distinguish the solid and liquid states in the simulation cell; i.e., if the local translational order parameter of an area is larger than 0.5, then this area is regarded as solid; otherwise, it is liquid. Figure 4͑b͒ illustrates a configuration in the middle of the melting in which solid and liquid nitromethane coexist. A liquid nucleus surrounded by solid is clearly shown on one of the faces. When the melting is complete most of the simulation cell is liquid as shown by Fig. 4͑c͒ . Notice that the local translational order parameters of part of the cell are still above 0.5. This is because the figure is a snapshot and the fluctuations of the order parameters may produce large values. An average over a long enough time will reduce the fluctuations, giving a more uniform picture of the melted nitromethane.
We now consider the changes in the bond lengths, bond angles, and dihedral angles upon melting. Figure 5 shows the distributions of these variables before and after melting ͑the temperature is 318 K͒. The bond lengths and angles change very little. The dihedral angle distribution also remains almost the same upon melting, although there is a slight increase ͑ϳ2°͒. The nature of this shift is not clear. Overall, the molecular structure of nitromethane undergoes little change upon melting. This, along with the fact that there is not an   FIG. 4. ͑Color͒ Snapshots of the distribution of the local translational order parameter in the simulation cell during melting: ͑a͒ in the beginning of melting, ͑b͒ in the middle of melting, and ͑c͒ at the end of melting. If the order parameter is larger than 0.5 the area is regarded as solid, otherwise liquid. The time in each plot ͑75, 113, and 149 ps͒ is consistent with the time axis in Fig. 3.   FIG. 5 . The distributions of bond lengths and bond angles are shown in frames ͑a͒ and ͑b͒, respectively, before melting ͑0 -75 ps; solid curves͒ and after melting ͑150-225 ps; dashed curves͒. The distributions of the H-C-N-O dihedral angle before ͑0 -75 ps; black curve͒ and after melting ͑150-225 ps; red curve͒ are shown in frame ͑c͒. The results in Fig. 3 show that the time range of 0 -75 ps corresponds to premelting and that the range of 150-225 ps postmelting.
abrupt change in the intramolecular energy upon melting, suggests that the intramolecular motions of nitromethane have little effect on the melting.
C. Comparison between crystalline and glassy nitromethane
We now compare several physical properties of crystalline and glassy nitromethane, specifically, radial distribution functions ͑RDF͒, the density, the volume thermal expansion coefficient ͑␣͒, the isotherm, the bulk modulus, and the vibrational density of states ͑DOS͒. The glassy state is obtained by cooling down the melted as described in Sec. III A.
We first consider the microstructural properties of crystalline and glassy nitromethane manifested in RDFs. Figure 6 compares the RDFs of each pair of atom types at 154 K and 1 atm. The RDFs of crystalline nitromethane exhibit typical shapes of that of a crystal, i.e., pronounced peaks from short to long range, while many the peaks are absent, flattened, or shifted in the RDFs of the glassy nitromethane. No peaks are observed beyond the first peak in the RDFs of glassy nitromethane due to a lack of long-range order. The first peaks in the RDFs of C¯C, C¯H, and H¯H are broad enough to have widths comparable to those of the first three or four peaks in the corresponding RDFs of crystalline nitromethane.
The density of glassy nitromethane at 154 K and 1 atm is 1.266 g / cm 3 , 8.6% lower than that of crystalline nitromethane. Figure 7 shows the simulation cell volumes of crystalline and glassy nitromethane as functions of temperature from 152 to 160 K ͑P = 1 atm͒, from which we calculate the volume thermal expansion coefficients,
The V -T curves are nearly linear, and are fit by least squares to obtain ␣. The results are shown in Table I . For crystalline nitromethane ␣ = 7.131ϫ 10 −4 K −1 , and the value of ␣ for glassy nitromethane is more than three times smaller. Similar results have been reported for amorphous and crystalline silicon. 50, 51 Fabian and Allen 50 ascribed this to the volumedriven internal strain in glass, which is close to zero in the crystal.
The isotherms of crystalline and glassy nitromethane at 154 K are shown in Fig. 8 . The maximum pressure is 6.5 GPa. We calculated the bulk modulus B and its pressure derivative BЈ by fitting the isotherms to the third-order Birch-Murnaghan equation:
where V 0 is the volume at 1 atm. The results of B and BЈ are given in Table I 
Here, is the frequency. To avoid artifacts caused by the thermostat and barostat in an NPT simulation, the NVE ensemble was used after equilibration to calculate the VACF. Figure 9 shows the DOS of crystalline and glassy nitromethane at 154 K and 1 atm. The frequencies for the two states agree well with those calculated for gas-phase nitromethane 35 using the same force field ͑see Table II͒ . The main features also agree with those obtained from experiment ͑T =78 K͒ ͑Ref. 54͒ and ab initio MD simulations ͑T = 285 K͒. 55 Comparing the DOS of gaseous, liquid, crystalline, and glassy nitromethane, shows that they are not sensitive to phase change. This is probably because the frequencies are mostly dominated by the internal motions of the molecule, which remain almost the same in different phases. On the other hand, several noticeable differences are observed at the low and high ends of the DOS of crystalline and glassy nitromethane. The lowest mode, which represents the torsional motion of the CN bond ͑ t ͒, appears to have two peaks at ϳ90 and ϳ140 cm −1 in the crystal, while only one broad peak is present at around 100 cm −1 in the glassy nitromethane. Experimental studies have shown that the internal rotation of the methyl group of nitromethane is almost completely governed by intermolecular interactions. 35 This is consistent with our observations, which show relatively significant changes in the torsional mode in crystalline and glassy nitromethanes due to the differences in the intermolecular interactions in the two states. There are redshifts of ϳ9 cm −1 in the CH 3 stretching modes ͑ 1 and 9 ͒ in the glassy nitromethane.
IV. CONCLUSIONS
We have calculated the thermodynamic melting point of nitromethane by using the hysteresis method, 5 studied the melting mechanism of superheated nitromethane, and compared the physical properties of crystalline and glassy nitromethanes using molecular dynamics simulations. The maximum superheating temperature and glass transition tem- perature are determined to be 316 and 160 K, respectively, at a heating/cooling rate of 8.9ϫ 10 9 K / s. The thermodynamic melting point of nitromethane calculated from the maximum superheating temperature and glass transition temperature is 251.1 K, in excellent agreement with the two-phase simulation results of 255.5 K ͑Ref. 20͒ and the measured value of 244.73 K. 45 This indicates that the hysteresis method may be empirically valid for calculating thermodynamic melting points of complex materials by replacing the recrystallization temperature with glass transition temperature.
When the temperature exceeds the maximum superheating temperature, the nitromethane molecules begin to rotate about their lattice positions in the crystal, followed by translational freedom of the molecules. The critical values of the Lindemann index for the C and N atoms are about 0.155 at 1 atm. A nucleation mechanism for the melting is illustrated by the distribution of the local translational order parameter. The intramolecular energy does not undergo an abrupt change and the molecular structure remains almost unchanged upon melting, indicating that the intramolecular motions of nitromethane have little role in the melting process.
We calculated the RDFs, density, thermal expansion coefficient, isotherm, bulk modulus, and DOS of crystalline and glassy nitromethanes. The RDFs show that glassy nitromethane lacks long-range order. The density of crystalline nitromethane is about 8.6% larger that of glassy nitromethane at 154 K and 1 atm. Both the thermal expansion coefficient and bulk modulus are two to three times larger in crystalline nitromethane than in glassy nitromethane. The vibrational modes in the DOS are almost identical in crystalline and glassy nitromethanes except that small redshifts are observed in the CN torsional mode and CH 3 stretching mode of glassy nitromethane.
